Porous silicon is generally achieved through electro-chemical etching or chemical etching of bulk silicon in hydrofluoric acid based solutions. The work presented here explores the effect of a chemical etching process on a metallurgical grade silicon powder. It is found that the metallurgical grade silicon particles contain surface bound impurities that induce a porous structure formation upon reaction with the chemical etchant applied. The correlation between the resultant porous structure formed due to the material composition is examined in detail. The elemental composition is determined using a combination of X-ray Photoelectron Spectroscopy and Time of Flight Secondary Ion Mass Spectroscopy. The porous structure is analysed using Transmission Electron Microscopy and Scanning Electron Microscopy. Three samples of the silicon particles analysed for this study include an un-etched bulk silicon powder sample and two samples of chemically etched powder. Pore formation within the particles is found to be dependent on the presence, dispersion, and local concentration of surface bound impurities within the starting powder.
Introduction
Porous silicon (PS) was originally discovered in 1956 by Arthur Uhlir and Ingeberg Uhlir at the Bell Laboratories in the US when electropolishing silicon (Si) wafers using hydrofluoric acid (HF). 1 What formed was a coloured porous film on the Si wafer with pore formation occurring in the [100] direction. 2 While this find was noted there was little interest in PS until 1990 when Canham and Lehman et al. made the discovery of its room temperature photoluminescence as a result of quantum confinement effects. [3] [4] [5] [6] [7] There has since been an abundance of research into porous silicon and related materials 6, [8] [9] [10] [11] [12] to develop possible applications in areas such as optoelectronics, microelectronics, chemical and biological sensors, drug delivery devices and more recently energetic material devices. 13, 14 PS therefore has the potential for numerous applications in a variety of fields but extensive characterisation of the material is deemed essential before pursuing possible Si material applications development. Metallurgical grade Si (MGSi) contains a host of impurities such as Fe, Al, Ca, C and O. 15, 16 These impurities are located at grain boundaries of the material when it is being manufactured. 16 Vesta Sciences have developed a process for producing low cost PS from MGSi powders through a patented chemical etching process. 15, 17 In this work, a detailed compositional investigation is carried out on this MGSi and the metallurgical grade porous silicon (MGPS) produced post-chemical etching in line with a structural characterisation of the particle porosity. The relationship between the composition of the material and the resulting porous structure formation is examined in detail in order to understand the porosity formation mechanisms of this material. It is shown that the porous morphology is that of a quantum sponge particle with Si crystallites arranged in a random porous matrix. Detailed elemental investigation links the specific composition of the PS produced from the process to the resulting mechanism of pore nucleation and formation. These results provide an insight into the development of this nanosponge material when processed under such conditions. This insight can be used to help further tailor the material for various applications from biomedical engineering to military applications. Microscopical techniques including Transmission Electron Microscopy (TEM) and Convergent Beam Electron Diffraction (CBED) were applied to the material. Characteristics including pore size, volume and pore orientation are studied as an effect of the processing parameters and etching mechanism, where the elemental composition was determined using X-ray Photoelectron Spectroscopy (XPS) and Time of Flight Secondary Ion Mass Spectroscopy (TOF-SIMS). Raman spectroscopy was conducted to examine variations in crystallite structure and strain in PS arising from changes to the conditions used to prepare the PS.
Experimental

Porous silicon preparation
The MGSi powder is supplied from Vesta Ceramics (Sweden) which is sold under the trademark of Sicomill TM . The powder initially has a particle size of about 1-3 mm before being jet milled. The jet milled particles are then classified into several grades with different mean particle sizes ranging from 4 mm to 11 mm. For the study here, E grade particles with a mean particle size of 4 mm are used. PS particles are prepared by chemically etching the E grade MGSi particles using a patented etching process carried out by Vesta Sciences. 15, 17 The particles are chemically etched in a nitric-acid (NO 3 )-(HF) based mixture as described by Farrell et al. 15 which induces the porosity within the MGSi particles. When the etching process is complete (i.e. photoluminescence is observed due to quantum confinement of Si feature sizes below the Bohr radius of the material and also from defect induced emission for features .4-5 nm in size), the etched powder is removed from the acid bath and dried in perfluoroalkoxy (PFA) trays at 80 uC for 24 h. By varying the total nitric acid concentration in the etchant mixture the surface area of these powders can also be tailored. 15, 17 The three samples of MGSi powders analysed in this paper are defined as follows ('2E' refers to a specific grade of material): 1) 2E-Bulk -the starting MGSi powder used to make the PS particles.
2) 2E-100 -PS powder manufactured from the 2E-Bulk powder after chemically etching with a nitric acid concentration corresponding to that needed to obtain the highest surface area and photoluminescence (100% is defined as the nitric acid concentration that results in powders that exhibit the higher surface area, porosity and photoluminescence with an ultraviolet light 15 ).
3) 2E-60 -as for (2) but only chemically etched with 60% of the nitric acid used for 2E-100.
High resolution electron microscopy
TEM specimens were prepared by loading the PS particles onto Formvar-backed carbon-coated copper grids (Agar Scientific). TEM analysis was acquired using a JEOL JEM 2100F Field Emission Electron Microscope operating at 200 kV.
TEM images were recorded with a Gatan Ultrascan 1000 digital camera for standard TEM imaging modes. The TEM is also equipped with a secondary electron imaging (SEI) detector which allows Scanning Electron Microscopy (SEM) type images to be recorded on the TEM. For CBED analysis, crystals were tilted to the [340] zone axis and a series of CBED patterns recorded in Scanning Transmission Electron Microscopy (STEM) mode with a spot size of 1.5 nm using STEM-based diffraction imaging. 18 
Time-of-flight secondary ion mass spectrometry
Time of Flight Secondary Ion Mass Spectroscopy (ToF-SIMS) analysis of the 2E-bulk and etched 2E-100 Si sample was performed using the J105 3D Chemical Imager (Ionoptika Ltd UK). A layer of each sample was deposited onto a silicon substrate from a dense suspension in methanol. Images were acquired over a 500 6 500 mm 2 field of view, with a primary ion dose of 1.7 6 10 13 ions/cm 2 using a 40 keV C 60 + primary ion beam. Following acquisition principal components analysis (PCA) was performed on the two data sets. PCA is a multivariate technique commonly used in SIMS and is a widely used dimensionality reduction technique for data analysis and interpretation. PCA converts the data into a series of principal components (PCs). Each PC has an associated loading which is the contribution of each mass channel to that PC. Each pixel/ spectrum then has a corresponding score on that loading. Principal components are ordered highest to lowest (highest being PC1) in terms of the degree of variance within the data captured by that PC.
Raman scattering spectroscopy
Raman scattering spectra were acquired from powder dispersions of both as-received and etched MGSi particles using a Horiba Jobin Yvon Labram 1A Raman spectrometer. Spectra were collected using a 532 nm 100 mW laser source, 1800 line/ mm grating and 106 objective, unless noted otherwise. The spectrometer was calibrated against the 521 cm 21 Transverse
Optical (TO) phonon frequency of a Si (100) wafer; the resolution of the spectrometer is , 2 cm 21 . Each spectrum presented is the average of three accumulations.
X-ray photoelectron spectroscopy
XPS was performed to analyse the surface chemistry of the Si particles using a Kratos AXIS 165 spectrometer with monochromatic Al Ka radiation of energy 1486.6 eV. High resolution spectra were taken at fixed pass energy of 20 eV. Binding energies were determined using C 1s peak at 284.8 eV as charge reference. For construction and fitting of synthetic peaks of high resolution spectra, a mixed Gaussian-Lorenzian function with a Shirley type background subtraction were used.
X-ray fluorescence and inductively coupled plasma spectroscopy
The samples were supplied with X-Ray Fluorescence (XRF) Spectroscopy and Inductively Coupled Plasma (ICP) Spectroscopy completed by Vesta Sciences as shown in section 4.1.
Experimental results and discussionmorphology
3.1 SEM and TEM of silicon particle surface structure
The particle morphology was studied from a series of SEM and TEM images. Fig. 1a and b show high resolution SEI images of sample 2E-100. These images were acquired in SEI mode, which provided higher resolution imaging of the surface morphology compared to FESEM and thus shows the porous surface area in much more detail. On examination of the selected PS particle it is evident that the surface of the particle is completely porous in nature. The Si particle size ranges from 4-5 mm with pore sizes ranging from 8-15 nm in diameter. 19 Similar porosity was observed for sample 2E-60 but with a smaller pore volume per surface area. 19 The 2E-bulk Si sample consists of solid Si particles. In the fully etched porous Si particles (2E-100), a series of [340] HOLZ line patterns were taken along the spectrum image line as seen in Fig. 4a . Fig. 4b and c show two different HOLZ lines patterns that were part of a spectrum imaging series clearly displaying a shift in the HOLZ line intersection positions; the shift is shown at higher magnification in Fig. 4d and e. As the HOLZ lines are related to the HOLZ reflections with large reciprocal lattice vectors of the crystal lattice, their positions are highly sensitive to lattice deformations. 20 To further understand the HOLZ line shift diffraction contract imaging is performed as discussed in section 3.3
Diffraction contrast imaging of porous silcion nanosponge particles
Dark field HRTEM imaging is used in a two-beam condition to obtain high contrast images of the crystalline phases. Fig. 5 , represents ,220. dark field images obtained from (a) sample 2E-bulk and (b) 2E-100. The required diffraction contrast was established by tilting the particles from the [011] zone axis orientation towards the (220) reflection. In Fig. 5a , due to the non-uniform thickness of the Si particle in the electron beam direction, thickness fringes are observed. In Fig. 5b , bright spots are observed on the particle surfaces indicating that crystalline Si nanoparticles appear on the surface after etching. These Si clusters have been etched out of the bulk Si particles and are scattered among the porous regions of the PS samples. Hence, from the dark field imaging, it is clear that Si nanocrystallites exist on the PS particle surface, so the main cause for the line-shift observed in the PS particles in section 3.2 is due to presence of Si nano-crystallites on the particle surfaces. The analysis here corresponds to work by Peng et al. describing the mechanism for pore formation showing metal particles at the bottom of the pores of a Si sample material after etching and pore formation. 21 In the case of MGPS it is proposed that the metallic impurities which are on the surface in the 2E-bulk sample could also be driven into the Si material during pore formation leaving only the removed Si dispersed among the surface pores, confirming the relative abundance in variations between elements detected by XRF, ICP and TOF-SIMS post-etching described in later sections. Si nano-particles have also been observed previously where particles were dispersed among a surface bound oxide layer post-electrochemical etching. 22 
Experimental results and discussionelemental analysis
4.1 X-ray fluorescence and inductively coupled plasma spectroscopy of silicon particles XRF and ICP analysis were carried out on samples 2E-Bulk and 2E-100 to explore the concentrations of elements present around the surface and within the Si particles. Table 1 shows the quantitative concentrations of elements detected. It was found that the Fe (0.5%) and Al (0.2) concentrations are greatest, followed by Ca (0.08%) and C (0.06%) in sample 2E-Bulk. These values indicate just how small these levels of impurities are dispersed throughout the Bulk Si particles. These values correspond to the patent standard and are also in line with what is observed for standard MGSi powder. 15, 16 The levels of Fe, Al, Ca, C and O observed in sample 2E-100 using XRF analysis are less than those observed in sample 2E-Bulk. This corresponds to the mechanism that the MGSi powder contains impurities which, upon reaction with the HF based electrolyte, induce porosity at the Si particle surface via electroless etching processes. The impurities are then attacked in a cathodic reaction which leaves a porous structure throughout the outermost region of the Si particle. These impurities would then be significantly reduced in the material to smaller amounts dispersed throughout the remaining nonporous region of the PS sample. Previous reports have shown that the application of certain elements onto a Si surface will induce porous layer formation once electro-chemically or chemically etched in a HF based solution. Metal-assisted etching using thin films of Pt and Ag on Si has shown PS formation [23] [24] [25] [26] and incorporating Fe into HF solutions has also been shown to affect the etching process to some degree. 27 Al has already been shown to induce a porous layer structure formation in Si in a study which chemically etched a thin Al film on a Si substrate. 28 The Al film (up to 200 nm in thickness) reacted with the HF solution and in this case was the key mechanism for hole initiation and the porous structure formation. 28 These results correlate directly to the porous structure formation mechanism proposed in this paper and is further highlighted by the mass loss (% reductions) of the impurities pre and post chemical etching. Fe, which is the most abundant element, is reduced by 84% while Al and Ca are reduced by 81% and 83% respectively. . dark field images of sample 2E-bulk Si particle and (b) sample 2E-100 PS particle.
X-ray photoelectron spectroscopy of silicon particles
XPS was utilised to establish the surface layer composition of the PS particles. The three samples analysed included the 2E-bulk Si sample, sample 2E-100 and sample 2E-60. All samples showed the presence of Si, O and C and in the case of chemically etched 2E-100 and 2E-60 samples notable amounts of F were also identified. Other impurities were not observed perhaps due to their very low concentrations (less than the detection limit of XPS y0.1 atomic%). Fig. 6 shows the XPS survey spectra of the 2E-bulk Si sample. The prominent peaks are Si (Si 2p, 2s), C (C 1s) and O (O 1s, KLL X-Ray induced Auger transition). These peaks are similar to previous XPS analysis of PS. 29 Feng et al. has shown that 200 mm thick PS membranes showed similar peak positions to those observed here for the PS and Si particles. 29 Quantification of elements from XPS analysis is given in Table 2 with relative percentage concentrations of F at 2%, C at 28.6%, Si at 60.2%, and O at 9.2% for 2E-100. Similar results were obtained for 2E-60. The respective peaks for 2E-bulk Si indicated percentage concen- A high resolution Si 2p spectrum from the 2E-bulk Si sample is shown in Fig. 6b and can be fitted with three sets of doublets. The majority of silicon is present as elemental Si with Si 2p 3/2 at a binding energy of 98.8 eV. The peaks at higher binding energy of 101.1 eV and 102.8 eV can be attributed to silicon oxide SiO x (x , 2) and SiO 2 respectively. 30, 31 The presence of the related O 1s at 532.3 eV confirms that the more abundant of the oxides, SiO 2 , is largely stoichiometric. However, Si 2p spectra of sample 2E-60 ( Fig. 6c) The higher content of oxygen on the surface of sample 2E-bulk (30.2 atomic%) can be attributed to it being the bulk starting material and likely to have undergone surface oxidation. The O content is significantly reduced in the PS samples indicating it was removed through the applied chemical etching process and HF reaction at the Si surface. Increased carbon content on the surface of the etched PS is due to the environment in which XPS analysis is conducted.
Time of flight secondary ion mass spectroscopy of silicon particles
Further analysis of the Si particle composition was carried out using TOF-SIMS analysis. Sample 2E-bulk showed the standard elements associated with the MGSi powder. The total ion images of both the bulk and etched samples can be seen in Fig. 7 . Images were acquired over a 500 6 500 mm 2 field of view, with a primary ion dose of 1.7 6 10 13 ions cm 22 using a 40 keV C 60 + primary ion beam.
The scores and loadings for the Principal Component (PC) 2 of the 2E-bulk un-etched particles can be seen in the spatial score maps in Fig. 8a . The scores image (Fig. 8a) highlights where red indicates a negative score and green indicates a positive score. In comparison to the total ion image (Fig. 7a) it is apparent that the highlighted regions with this chemistry i.e. green regions are cluster/groups of the Si particles. From the corresponding loadings (Fig. 8b) Fig. 8d .
These analyses have demonstrated the presence of these metals on the Si particles before and after etching and are thus not released into the etching solution after chemical reduction during the etching process. Remnant Na + , K + were easily dissolved and removed from the particles in the aqueous HFbased etching solution. However, changes in the valence or quantitative relative abundances cannot be deciphered from this analysis, particularly since the presence of reduced metal species after galvanic displacement or electroless reactions are lodged within the nanoporous structure of the silicon sponge particles.
Raman scattering spectroscopy of porous silicon quantum sponge particles
Raman spectroscopy is a powerful technique that can be employed in structural and dynamic studies of PS. 29, 32 A typical Raman spectrum for crystalline Si usually consists of a symmetric first order transverse optical phonon centred at y521 cm
21
. 33, 34 As the grain size in micro-crystalline Si decreases, the Raman shift and peak width increases and the line-shape becomes asymmetric (which also occurs with doping changes, which is invariant in this case) with an extended tail at lower frequencies for quantum confinement or small size effects. In amorphous Si the Raman peak is broad and usually weak at 480 cm
. 33, 34 Here, micro-Raman scattering spectroscopy was conducted on samples 2E-100, 2E-60 and 2E-bulk Si (Fig. 9a) to examine the development and influence of porosity on the overall structure, specifically the presence and associated influence of nano-sized crystallites of silicon.
The main Si peak in the 2E-bulk Si occurs at 517 cm 21 , compared to 521 cm 21 measured for bulk Si(100) and the TO phonon mode is sharp and symmetric compared to highly doped Si(100), which displays a blue asymmetry indicative of highly p-type Si. The TO modes for both 2E-60 and 2E-100 Fig. 7 Total ion images (500 6 500 mm 2 ) of (a) 2E-bulk sample (b) 2E-100
particles.
occur at 516 cm 21 and 510 cm 21 (Fig. 9b) , has an asymmetric line shape with asymmetry appearing on the lower (red) energy side indicative of phonon confinement due to reduced sizes, as the doping density remains invariant for the same particles and no excess heating has been applied externally or through Joule heating by the incident Raman probe beam. Generally for PS it is considered that the broadening and a downshift of the TO mode towards lower energies indicates the presence of nanoscale features of the crystalline structures and is distinct for high porosity layers of PS. 35 A slight lower energy downshift of the peaks was observed in 2E-100 compared to 2E-bulk Si. These quantum confined features come from the smallest pore wall structures but particularly from the high density of small ,5 nm crystallites seen by STEM, as outlined in section 3.3. These core Si values do not correlate directly with Si or PS substrates with typical Raman peaks around 521 cm 21 but are more closely linked to the PS membranes studied by Feng et al. 29 In that work, Raman spectra of PS membranes removed from anodically oxidised p-type ,100. Si substrates, showed dominant Raman shifts between 502 and 512 cm 21 . 29 The bands located near 300 cm 21 correspond to an acoustic phonon (2TA). These values correlate directly to what is observed for sample 2E-100 in Fig. 9 . The features between 900-1000 cm 21 indicate second order optical modes, 29 as seen in both samples 2E-100 and 2E-60. It has also been shown that surface strain or stress in PS can also contribute to a downshift in the Raman peak as is observed from 2E-bulk Si to 2E-100 in Fig. 9b . The positions of the characteristic Raman peaks of a material correspond to the vibrational energy of the phonon modes. However, if the crystal lattice deforms, the position of the mode may shift to the left or to the right, due to an energy variation in the vibration of the lattice. Lang et al. reports that the lattice constant of PS is somewhat strained and a stress value corresponding to such a lattice strain is known to shift the Raman peak to lower energies 36 known as phonon softening.
The incorporation of a surface oxide may relax the surface strain to some degree in PS. 36 The authors discuss a linear relationship between uniaxial or biaxial stress and the shift of the TO mode of the sample. The reduction in total free energy within the particle, is such that the porous particle is rendered more brittle compared to the bulk particle can be calculated from the empirical formula 37 e = s st ?Dv, where v represents the peak positions in cm 21 for strained and bulk Si, and Dv represents (v bulk 2 v pore ), s st = 0.123 is the inverse strainphonon coefficient in cm, and e is the % strain. The quantum confinement caused by crystallites of silicon and also the smallest of porous wall features by monitoring the asymmetry and frequency shift or the TO phonon mode is shown in Fig. 9b . For both 2E-bulk and 2E-100 samples, the Raman shift from respective TO modes correlates to a % free energy reduction of 47% for 2E-bulk particles compared to a Si (100) crystal, and a further 18% reduction (65% compared to Si(100)) upon partial porosification for 2E-60 samples, but a very large 136% reduction in free energy for fully etched 2E-100 particles compared to Si(100). In this process, every stress relieving interface will most likely contain metallic ions amenable to electroless etching and thus all galvanic displacement reactions on the surface will lead to a significant reduction in internal particle free energy.
The crystallite size L of the porous Si quantum sponge particles can be estimated from the Raman shift according to: where Dv is the Raman shift between that from a silicon wafer (521 cm
) and the TO phonon frequency from each of the TO phonon peaks from the Si sponge particles. The power law dependence determined empirically is a = 1.59. The crystallite sizes for 2E-60 and 2E-100 (with respect to a Si wafer) are estimated to be 1.93 and 1.16 nm respectively. These values correspond to the electron microscopy observations in Section 3.3.
Discussion -porosity formation
Porosity formation in metallurgical grade silicon
Understanding the porosity formation mechanisms in Si, when processed under certain conditions is essential for successful tailoring of the material for final applications. Hence there has been an abundance of work completed on different Si materials using different etching methods. [38] [39] [40] [41] PS is generally achieved when doped Si wafers are electrochemically or chemically etched using HF based solutions. 42, 43 Pore formation and propagation is usually dependant on the crystallographic orientation of the Si wafers used in an electrochemical or chemical etching process. Other important properties of the PS material such as resultant pore size, pore volume and pore depth are very much dependant on the anodisation conditions applied i.e. HF concentration, oxidation, carrier type (n-type or p-type), current density applied, the anodisation method and duration etc. [8] [9] [10] 44, 45 These parameters can be tuned to some degree resulting in tailoring of the Si porosity to desired conditions. Other etching methods derived from standard electrochemical and chemical etching processes include metal-assisted etching and in this method, PS is produced by electroless etching and galvanic displacement reactions between certain metallic ions at the surface in a fluoride-containing electrolyte. [23] [24] [25] [26] The application of a thin metallic film or metal particles (Au, Pt, Al, Ag, palladium (Pd)) onto the surface of the Si substrate results in a cathodicanodic reaction (metal film or particle being the cathode) and the Si material (when oxidised becoming the anode) which then results in a boring or sinking of the metal particles into the Si surface creating pore formation. Various metallic-Si interface reactions can be explained but essentially in the case of Ag particles for example, the Si beneath the Ag is oxidised by hole injection when the oxidising agent (hydrogen peroxide (H 2 O 2 ), sodium persulfate (Na 2 S 2 O 8 ) or HNO 3 are typically used in the etching solution) is reduced on the Ag. Therefore the Si is oxidised which reacts with the HF to form a watersoluble complex and thus the holes are then simply the sinking or boring tracks of the Ag particles. 24 Etching pure Si wafers in HF without prior hole injection simply results in a passivated surface layer. 46 Understanding these porosity formation mechanisms is key in outlining the mechanisms responsible for porosity formation in MGSi containing metallic impurities, processed under similar conditions. XRF and ICP analysis confirmed the presence of Fe, Al, Ca, C and O dispersed throughout the MGSi particles. These metal ions which are considered mostly surface bound within the Si particles react with the HF based chemical etchant applied, which in the case of this study is HF, HNO 3 and water (H 2 O). Nitric Oxide (NO) is produced on the surface of the Si which serves as the hole injector. 44 The rate of dissolution depends on the number of injected holes per atom, which in the present case is greatest for Al 3+ compared to Fe 2+ or Ca + . Beck and Gerischer proved that the reaction rate is proportional to the surface concentration of holes. 47 Due to the different reactivities of surface electrons and holes, the doping type of the crystal leads to very different reactivites for n-type and p-type doping; in the case of intrinsically doped MGSi particles here, the role of the hole injector ions is paramount. The presence of a hole in the valence band reduces the strength of bonds in the vicinity and makes the substrate atoms more susceptible to attack by nucleophiles. Similarly, the presence of a conduction band electron weakens bonds in its vicinity and makes those substrate atoms susceptible to electrophilic attack. Additionally, the likelihood for these galvanic displacement reactions also depends on having a small electronegativity difference between the metal ion and the silicon and coupled with the relative abundance of the respective ions, leads to variable etching rates. All three will participate and their spatial density on the particle (highest on the surfaces which were originally the grain boundaries in the pre-milled MGSi) results in a complicated process where the result is a Si 'sponge'. It is noted that the Si 'sponge' still contains some levels of impurities which are greatly reduced as determined using XRF and ICP. The TOF-SIMS spectra correlate well with the XRF and ICP analyses when the galvanic displacement reactions are considered. Each of the metal ions is reduced by extracting a number of electrons from the silicon equivalent to the valence of the ion; the rate of electroless etching is greatest for Al and thus the relative abundance is minimum post-etching as the metallic Al 0 is contained furthest into the sponge structure (assuming some of each element is lost through equivalent mass transport into the aqueous etching solution). This etching process also has a resultant effect in that Si remnants are removed during the etching process and are then dispersed among the surface pores as nano-crystallites. This is observed through TEM-CBED and Diffraction contrast imaging of the PS particles and confirms the relative abundance in variations between elements detected by XRF, ICP and TOF-SIMS post-etching. Raman Spectroscopy confirmed these Si nano-crystallites result in a lower energy downshift of the peaks as observed in 2E-100 compared to 2E-Bulk Si and the calculated crystallite size conforms to what is observed through diffraction contrast imaging. The Raman data points to a reduction in free energy within the samples after etching, which may indicate strain relaxation within individual particles as a result of the reduction of impurity levels. While random levels of impurities resulting in random pore formation at different sites is also possible the majority of pores will be formed at the outermost surface resulting in a PS shell or sponge surrounding a solid Si core. In the case of sample 2E-100 which has an average particle size of about 4-5 mm then this porous outer shell can be up to 1 mm thick as observed through FIB and SEM. 19, 48 In sample 2E-60 a similar pattern structure is observed but the porous outer shell is y600 nm thick for the same sized particles as sample 2E-100. 19, 48 This is due to the time difference in the etching processes. Secondary electrons (SE) are those electrons emitted by the specimen which are having energies in the range of 0 to 50 eV. Due to these weak energies of SE, they are limited to very small depth called escape depth below the surface of the particle. 49 Hence Secondary Electron Imaging (SEI) is highly dependent on surface topography of the material.
Conclusions
The porous silicon (PS) used in this study is comprised of metallurgical grade PS particles that contain a porous spongelike boundary up to 1 mm thick with a solid silicon core as a result of the etching process. CBED analysis on individual particles has indicated no shift in HOLZ Lines when different areas of the particles of the as-received unetched material is analysed. Shifts in these HOLZ lines occur on etched samples, but diffraction contrast imaging indicates the presence of small crystallites (y1 nm) on the surface of etched particles which are likely to have led to the HOLZ line shifts. The discovery of these small crystallites etched from the pores of the Si particles has not previously been reported in these materials, but is backed up in this paper through micro Raman measurements. XPS, ICP and XRF data confirms the presence of impurities in the Si particles analysed, while the TOF-SIMS data gives a map of the elemental distributions which has not been observed previously. It is clear that the porosity formation mechanisms for MGSi when chemically etched using the method outlined previously is due to the galvanic displacement reactions between the metal ions (impurities) at the surface of the MGSi particles and the chemical etchant composition used. The Raman data highlights a free energy reduction in the samples post-chemical etching, which may indicate strain relaxation within individual particles due to the reduction of impurity levels.
